The luminous Type IIn Supernova (SN) 2010jl shows strong evidence for the interaction of the SN ejecta with dense circumstellar material (CSM). We present observations of SN 2010jl for t ∼ 900 d after its earliest detection, including a sequence of optical spectra ranging from t = 55 to 909 d. We also supplement our late time spectra and the photometric measurements in the literature with an additional epoch of new, late time BV RI photometry. Combining available photometric and spectroscopic data, we derive a semi-bolometric optical light curve and calculate a total radiated energy in the optical for SN 2010jl of ∼ 3.5 × 10 50 erg. We also examine the evolution of the Hα emission line profile in detail and find evidence for asymmetry in the profile for t ∼ > 775 d that is not easily explained by any of the proposed scenarios for this fascinating event. Finally, we discuss the interpretations from the literature of the optical and near-infrared light curves, and propose that the most likely explanation of their evolution is the formation of new dust in the dense, pre-existing CSM wind after ∼ 300 d.
INTRODUCTION
Type IIn supernovae (SNe IIn) are a rare class of events, making up only 6 − 9 per cent of core collapse SNe (e.g., Smartt et al. 2009; Li et al. 2011; Smith et al. 2011a ). They are characterized by the presence of strong, compositeprofile emission lines of H and He. Generally, the emission line profiles of SNe IIn may consist of narrow-width (NW, ∼ 100 km s −1 ) and intermediate-width (IW, ∼ 1000 km s −1 ) components (Schlegel 1990; Filippenko 1997) . The NW component is often explained as arising in dense, slowly expanding circumstellar material (CSM) photoionized by the initial flash of the supernova (SN) explosion (e.g., Chevalier & Fransson 1994; Salamanca et al. 1998; Chugai et al. 2002; Salamanca, Terlevich & Tenorio-Tagle 2002) . IW lines arise at early times as either Thomson ⋆ E-mail: jj@astro.caltech.edu scatter broadening of the NW lines or emission from cool, accelerated, post-shock CSM gas (e.g., Chugai & Danziger 1994; Chugai 2001; Chugai et al. 2004; Dessart et al. 2009; Smith et al. 2010) . The shock interaction of the ejecta with the dense CSM also provides a possible explanation for the extreme optical luminosity of many SNe IIn (Chugai & Danziger 1994) . SN 2010jl was discovered in the galaxy UGC 5189A on 2010 November 3.52 (UT) by Newton & Puckett (2010) . It was classified as a SN IIn due to the presence of NW emission lines in a spectrum taken on 2010 November 5 (Benetti et al. 2010) . Smith et al. (2011b) identified a possible luminous blue progenitor star in archival Hubble Space Telescope (HST ) WFPC2 data, but it is not possible to distinguish between a single massive star and a star cluster from these observations. Observations of this region after the SN light fades could be used to differentiate between these possibilities. Regardless, each of the progenitor sce-narios explored by Smith et al. (2011b) point to a progenitor with a mass of at least 30 M⊙. Spectropolarimetry results from SN 2010jl two weeks after its discovery indicate possible asymmetry in the explosion geometry, or, more likely, in the CSM (Patat et al. 2011 ).
Pre-discovery images from the All-Sky Automated Survey (ASAS) North telescope in Hawaii (Pojmański 2002; Pigulski et al. 2009 ) also show that SN 2010jl is intrinsically luminous, reaching a peak absolute I-band magnitude of ∼ −20.5 (Stoll et al. 2011) , placing it near the class of ≤ −21 mag 'superluminous SNe' defined by Gal-Yam (2012) . Additionally, Stoll et al. (2011) show that the host of SN 2010jl is low metallicity, supporting an emerging trend that optically luminous SNe tend to go off in low-metallicity, low-luminosity hosts (e.g., Koz lowski et al. 2010; Neill et al. 2011; Li et al. 2011) . The ASAS images indicate that the explosion likely occurred in early October 2010. We will refer to days t since the earliest detection of SN 2010jl on 2010 October 9 by ASAS (JD = 2,455,479.14; Stoll et al. 2011 ) throughout this paper. Andrews et al. (2011) construct a spectral energy distribution using optical, and near-and mid-infrared photometry of SN 2010jl at t ∼ 90 d, and find evidence for a T ∼ 750 K infrared (IR) excess. They interpret the IR excess as evidence for pre-existing dust in the unshocked CSM, heated by radiation from the SN. Smith et al. (2012) observe a systematic blueshift for the first seven months in the IW component of Hα that arises in the post-shock CSM, indicating the formation of new dust in the post-shock cooling zone of the SN. Their spectra also indicate that the blueshift is stronger at shorter wavelengths, which one would expect if it is the result of dust formation; however, this explanation conflicts with the low dust emission temperature observed by Andrews et al. (2011) . An alternative explanation is that the high optical depth continuum continues to block light from the receding side of the post-shock shell, resulting in line profiles that appear blueshifted (Smith et al. 2012 ).
An extensive data set consisting of U BV RI light curves and a sequence of optical spectra for over 500 days was presented in Zhang et al. (2012) . Both the slow decline of the light curves and the remarkable strength of the Hα emission with respect to the continuum for over 500 days provide strong evidence for successive interactions of the SN ejecta with a dense, hydrogen-rich CSM. They also observe a systematic blueshift of the line profiles of Hα, but disfavor the interpretation of new dust formation due to a decrease in the blueshift of the line profiles for t ∼ > 500 d, and the lack of a corresponding decline in the optical light curves one would expect from extinction by new dust. Maeda et al. (2013) claim to find strong evidence for dust formation in SN 2010jl at t ∼ 550 d. They present near-IR (NIR) spectroscopy and JHK photometry, in addition to optical spectroscopy and BV RI photometry at similar epochs. They detect a NIR thermal component with temperatures of T ∼ 1000 − 2000 K which was not present at earlier epochs. They also report an increase in the blueshift of Hα to ∼ > 700 km s −1 for t ∼ > 400 d, and that the degree of the blueshift is smaller for lines at longer wavelengths. Finally, they point out that the decline in optical luminosity accelerates after ∼ 1 yr. They conclude that the cumulative evidence provides a strong case for new dust formation in a dense cooling shell formed by the interaction of the SN ejecta and the CSM.
A more complete data set including uBV RiJHK photometry, ultraviolet (UV) spectra from HST , extensive optical spectroscopy, and spectra in the NIR was presented in Fransson et al. (2014) , in which the authors debate the conclusions drawn by Maeda et al. (2013) . They derive a 'pseudo-bolometric' (optical through NIR) light curve of SN 2010jl, and show that the NIR component, which they interpret as an echo from pre-existing CSM dust heated by the SN, becomes an increasingly important contribution to the bolometric luminosity with time. They present a sequence of Hα profiles from t = 31 to t = 1128 d, and claim that the broad component shows smooth, peaked, and symmetric profiles characteristic of electron scattering. The blueshift present in the lines for t ∼ > 50 d is interpreted as a macroscopic bulk velocity due to radiative acceleration of the preshock scattering medium by the energetic radiation field of the SN. From the narrow CSM lines present in their spectra, some of which show a P Cygni absorption component, they infer a CSM velocity of ∼ 100 km s −1 consistent with a Luminous Blue Variable (LBV) star as a possible progenitor. They find the mass loss rate to account for the bolometric light curve with CSM interaction to be ∼ > 0.1 M⊙ yr −1 , and a total mass lost of ∼ > 3 M⊙. Borish et al. (2015) present a sequence of 1 − 2.4 µm NIR spectra from t = 36 to 565 d. They observe a progressive blueshift to ∼ 700 km s −1 of the broad hydrogen lines with time, similar to the evolution seen in the optical hydrogen lines. They also observe a broad, asymmetric component in the He i λλ10830 and 20587 lines, and a blue shoulder feature at ∼ 5000 km s −1 , possibly associated with a high velocity, He-rich ejecta flow. Similar to the results of Fransson et al. (2014) , they observe a T ∼ 1900 K blackbody feature in the continuum emission at t = 403 d, likely associated with dust emission. Gall et al. (2014) observed SN 2010jl with the VLT/Xshooter spectrograph in a sequence of optical-NIR spectra covering the range 0.3 − 2.5 µm for t ∼ < 250 d, and again on t = 876 d. They find evidence for wavelength-dependent extinction in their analysis of the IW emission lines, and interpret this as extinction by newly formed dust. They derive dust extinction curves for SN 2010jl and find evidence for large dust grains in excess of 1 µm in size. They claim that the dust production site transitions from the CSM to the ejecta for t ∼ > 500 d based on the accelerated growth in dust mass at this time.
SN 2010jl was detected by the Swif t on-board X-ray Telescope (XRT, Burrows et al. 2005 ) on 2010 November 5.0 − 5.8 with an inferred X-ray luminosity of (3.6 ± 0.5) × 10 40 erg s −1 (Immler, Milne & Pooley 2010) . Chandra observations were triggered by Chandra et al. (2012a) to observe SN 2010jl on t = 59 and 373 d, which demonstrated a high temperature of ∼ > 10 keV for both epochs, and a high absorption column density of ∼ 10 24 cm −2 at the first epoch that decreases by a factor of 3 at the second epoch, likely associated with absorption by the CSM.
Ofek et al. (2014) also present X-ray observations of SN 2010jl from NuSTAR and XMM-Newton, in addition to multi-epoch Swift-XRT observations, and public Chandra observations (PIs Pooley, Chandra; Chandra et al. 2012b).
They also present the PTF R-and g-band, and Swift-UVOT light curves. They apply a more general version of the model described by Svirski et al. (2012) for an SN shock interacting with an optically thick CSM, assuming spherical symmetry, and find a CSM mass in excess of 10 M⊙. Furthermore, they measure the temperature of the X-ray emission and infer a shock velocity of ∼ 3000 km s −1 . In this paper, we present an analysis of extensive optical observations of SN 2010jl over a period of ∼ 2.5 yr. Our data set adds significant coverage of the spectroscopic time series for SN 2010jl and we evaluate the the current physical models proposed in the literature to explain these observations.
The observations, primarily a sequence of optical spectra but including a supplementary epoch of late time BV RI photometry, and data reduction procedures are presented in Section 2. In Section 3, we describe our analysis of these data, including the generation of a semi-bolometric, optical light curve in Section 3.2, and a detailed study of the evolution of emission line profiles, particularly Hα, in Section 3.3. Finally, we discuss our physical interpretation of these results and comment on previous interpretations in Section 4. We summarize our conclusions in Section 5.
OBSERVATIONS
In this section, we present extensive optical spectroscopy of SN 2010jl and an additional epoch of late time photometry, and describe data reduction procedures.
Optical spectroscopy
We obtained a total of twelve optical spectra of SN 2010jl using a number of ground based instruments: the Dual Imaging Spectrograph (DIS) on the 3.5-m ARC telescope at Apache Point Observatory (APO), the Wide Field Reimaging CCD Camera (WFCCD) on the du Pont Telescope at Las Campanas Observatory (LCO), the Multi-Object Double Spectrograph (MODS, Pogge et al. 2010 ) on the Large Binocular Telescope (LBT) at Mt. Graham International Observatory (MGIO), and the Ohio State Multi-Object Spectrograph (OSMOS, Stoll et al. 2010; Martini et al. 2011) on the 2.4-m Hiltner Telescope at MDM Observatory. These observations began on t = 55 d and continue until t = 909 d. These spectroscopic observations are summarized in Table 1 . Also listed in Table 1 are the two spectroscopic observations originally presented in Stoll et al. (2011) , which are used in the analysis discussed below in Sections 3.3 and 3.3.1.
The Hiltner/OSMOS spectrum, the APO/DIS spectra, and the du Pont/WFCCD spectra were reduced using standard tasks in iraf 1 . The LBT/MODS spectrum was reduced using routines for MODS dual-channel long-slit grating spectra following the 'MODS Basic CCD Reduction with modsCCDRed ' manual 2 . Cosmic rays were removed from the images for all spectra using lacosmic (van Dokkum 2001). The phase is the number of days since earliest detection on JD = 2,455,479.14. The first two spectra were originally presented in Stoll et al. (2011) .
Wavelength and flux calibrations were performed with comparison lamps and standard star spectra, respectively. The small wavelength zero-point shift between the comparison lamp wavelengths and the observed wavelengths in the spectra was also corrected. The spectra were Doppler corrected for the redshift of the host galaxy (z = 0.0107, NED
3 ) and for Galactic reddening using E(B − V ) = 0.024 from Schlafly & Finkbeiner (2011) . Following Smith et al. (2011b) , no correction was made for host galaxy extinction. Fransson et al. (2014) made an estimate of the reddening for both the host galaxy and the Milky Way from the damping wings of the Lyα absorption in their spectra, and they adopted a value of E(B −V ) = 0.058 for the total reddening. Our spectra are shown in Fig. 1 showing the log of the flux plus an arbitrary constant for clarity. We also show the two early time OSMOS spectra from Stoll et al. (2011) .
Optical photometry
In order to better interpret the spectra, we performed flux calibrations (see Section 3.2) using published photometry from Stoll et al. (2011) and Zhang et al. (2012) , and obtained an additional epoch of late time BV RI imaging of SN 2010jl using OSMOS on the 2.4-m Hiltner Telescope at MDM Observatory on t = 776 d. The images were reduced using standard tasks in the iraf ccdproc package. Flat-fielding was performed using twilight sky flats for each filter taken from t = 773 to t = 776 d. The photometry of the SN was obtained using the digital photometry reduction program daophot ii with allstar (Stetson 1987 (Stetson , 2000 . Due to issues with over subtracting the source, we tested various annuli in daophot to estimate the background contribution and to minimize contamination from the host galaxy. Instrumental magnitudes were converted to apparent magnitudes using nearby field stars with SDSS DR7 (Abazajian et al. 2009 ) ugriz photometry, converted to standard BV RI magnitudes using Ivezić et al. (2007) . Our photometric results are summarized in Table 2 , where apparent magnitudes are converted to absolute magnitudes by adopting a distance modulus to the host galaxy of 33.43 mag (NED) and using the Galactic extinction corrections from Schlafly & Finkbeiner (2011) . BV RI magnitudes are also converted to band luminosities, νLν/L⊙, using the zero points of the Johnson-Cousins-Glass system from Bessell et al. (1998) (2012) . B-and V -band measurements from Fransson et al. (2014) are shown as triangles. The 'X' symbols are the PTF R-band measurements from Ofek et al. (2014) , converted from AB to Vega magnitudes using the conversions from Blanton & Roweis (2007) . Error bars are shown, but can be smaller than the points.
ANALYSIS
In this section we present the results of our data analysis. In Section 3.1 we examine the new photometric data points presented in this paper in the context of published light curves from the literature. In Section 3.2 we describe the procedure used to derive a semi-bolometric optical light curve for SN 2010jl, and compare its evolution to that of Hα and the NIR luminosity. In Section 3.3 we describe the evolution of the optical spectra, in particular the Hα emission profile (Section 3.3.1).
BV RI light curves and color evolution
The photometric measurements from 2012 November 23 presented in this paper are added to light curves from the literature as shown in Fig. 2 . The light curves also include the pre-discovery V -and I-band measurements from Stoll et al. (2011) , the BV RI light curves from Zhang et al. (2012) , the PTF R-band measurements from Ofek et al. (2014) , converted from AB to Vega magnitudes using the conversions by Blanton & Roweis (2007) , and the B-and V -band light curves from Fransson et al. (2014) . We note a few discrepancies among the measurements, particularly at late times. Beginning at t ∼ 80 d, the The green stars were obtained using the BV RI photometry presented in this paper. The blue diamonds come from Zhang et al. (2012) , and the cyan triangles come from Fransson et al. (2014) . All measurements were corrected for Galactic reddening using the extinction corrections from Schlafly & Finkbeiner (2011) before computing colors. Error bars are shown, but can be smaller than the points.
surements and ∼ 0.2 − 0.3 mag brighter in B and V than the Fransson et al. (2014) measurements. These discrepancies may be due to difficulties in estimating the background flux as the SN fades and the contribution of the host galaxy becomes more significant. Fig. 3 shows color measurements from our BV RI photometry as compared to the color evolution from Zhang et al. (2012) and Fransson et al. (2014) . The B − V color remains mostly constant at ∼ 0.3 mag, consistent with our measurement of B − V = 0.3 ± 0.1 mag at t = 776 d. In B − V , we again note a ∼ 0.1 mag discrepancy between the Zhang et al. (2012) and Fransson et al. (2014) measurements. The B − V color also appears to fall off toward the blue for t ∼ > 800 d in the Fransson et al. (2014) measurements, which may be associated with the bluer continua present in the last few spectra, possibly from host galaxy contamination. In V − R, the color becomes redder with time, increasing from V − R ∼ 0.4 mag at early times to our measurement of V − R = 1.8 ± 0.1 mag at t = 776 d. This is consistent with the continued strength of the Hα line (contained in the R-band) relative to the continuum at late times (see Sections 3.3 and 3.3.1). We also note that V − I becomes redder, increasing from V − I ∼ 0.6 mag at early times to our late time measurement of V −I = 1.0±0.1 mag.
Semi-bolometric optical light curve
We generated a semi-bolometric, optical light curve (3460 -9700Å) using a combination of the spectra and available photometric data from this paper, Stoll et al. (2011) and Zhang et al. (2012) . We also used the 12 optical spectra from Zhang et al. (2012), taken from the online Weizmann Interactive Supernova data REPository (WISeREP, Yaron
2012)
4 . The shape of the optical spectral energy distribution (SED) was estimated as a function of time by interpolating the observed spectra, put on an absolute flux scale using synthetic photometry. Using this model of the SED with time, synthetic spectra were produced for days that had available photometry, and integrated to give the optical luminosity for each day. The resulting light curve is tabulated in Table 3 and shown in Fig. 4 . Statistical uncertainties were estimated for each point using a bootstrap technique. The entire analysis was run 10,000 times, allowing the input photometry to vary with Gaussian distributed noise defined by the reported uncertainties. Trapezoidal integration of this light curve in time from t = 0 to 776 d gives an estimated total radiated energy in the optical of (3.50 ± 0.03) × 10 50 erg. We caution that the uncertainty reported here is only an estimate of the statistical uncertainty from the bootstrap procedure, and does not include systematic error such as host galaxy contamination and the gap in the data when the SN was too close to the Sun to be observed between t ∼ 200 and 400 d. This number is similar to that derived by Fransson et al. (2014) of ∼ 3.3 × 10 50 erg in the 3600 − 9000Å range from t = 0 to 920 d. In addition to the difference in wavelength and time coverage, we point out again the discrepancies between the Zhang et al. (2012) photometry used in this analysis and the photometric measurements used by Fransson et al. (2014) (see Section 3.1), which may be responsible for the difference in the derived optical energy output.
Overplotted as black dashed lines in Fig. 4 are power law fits to the derived optical light curve. The points from t ∼ 20 to ∼ 370 d were best fit with a power law decay, given by Lopt(t) = 1.02 × 10 43 (t/100 d) −0.43 erg s −1 , where Lopt is the optical luminosity and t is the time since the earliest detection of this event. The remaining late time points through t = 776 d were fit with an Lopt(t) = 6.01 × 10 42 (t/370 d) −3.84 erg s −1 power law. The break in the light curve, defined as the intersection of the two power law fits, occurs at t br ∼ 370 d after first detection. The lack of data near this epoch makes it difficult to accurately constrain the timing of the break. Possible interpretations of the decline in the optical light curve at late times are discussed in Section 4.3.
For comparison in Fig. 4 , we also show the Hα luminosity as a function of time (also see Fig. 5 and Section 3.3 for further discussion) and the corresponding power law fits.
Luminosities corresponding to open triangles are only approximate due to insufficient wavelength coverage in the spectra for proper flux calibration with synthetic photometry and are not included in the power law fits described below. In contrast to the integrated optical luminosity, the early time Hα luminosity follows an increasing power law given by LHα(t) = 7. The phase is the number of days since earliest detection on JD = 2,455,479.14. Table 3 is published in its entirety in the electronic edition of this journal. A portion is shown here for guidance regarding its form and content. by the break in the power law fits, occurs at t ∼ 350 d, near the time of the break in the full optical light curve. Finally, we also show the K-band data from Fransson et al. (2014) in Fig. 4 , converted from 2MASS system magnitudes to νLν band luminosities using a Ks flux zero point of Fν,0 = 666.8 Jy at ν = 1.390 × 10 14 Hz (Cohen, Wheaton & Megeath 2003) . As noted by Fransson et al. (2014) , the NIR luminosity becomes dominant over the optical after the break in the light curve at ∼ 370 d.
Spectral evolution of SN 2010jl
As seen in Fig. 1 , the major features of the spectra of SN 2010jl remain mostly unchanged throughout its evolution, with some notable exceptions. The continuum of each spectrum can be approximated by a T ∼ 6000 − 8000 K blackbody spectrum, however, we note a slight bluing of the continuum at late times which may be due to contaminating light from the host galaxy as the SN fades. We also detect [O iii] narrow emission features near 5000Å, which become more prominent at late times and are also likely due to contamination from the underlying star forming region. Host galaxy spectra of two H ii regions ∼ 7 arcsec north and south of the position of the SN from Stoll et al. (2011) clearly show strong, narrow Balmer and [O iii] emission features indicative of recent star formation. A number of spectroscopic parameters, discussed below are given in Table 4 .
The most prominent lines in the spectra are the strong, broad Balmer emission features. We detect the Hα through Hδ lines individually, while lines bluer than Hδ are blended together. Superimposed on the broad Balmer lines, we detect narrow blueshifted P Cygni absorption in the MODS spectrum on t = 404 d and in the DIS spectrum on t = 512 d, but these components are not resolved in the rest of our lower resolution spectra. The width of the P Cygni component measured from the peak to the minimum is typically ∼ 100 km s −1 . The evolution of the Hα profile is discussed in detail in Section 3.3.1. The broad He i λλ5876 and 7065 lines also show evidence for a superimposed narrow component.
The Balmer lines, particularly Hα, show a remarkable growth in strength relative to the continuum for t ∼ < 400 d as indicated by the equivalent width (EW) of the lines, measured using the iraf task splot. From t = 28 to 450 d, the magnitude of the EW of Hα strengthened from 167 ± 5Å to 3400 ± 500Å , and it remained strong at ∼ 2000Å in each of the later spectra (See Table 4 ). Similarly, the magnitude of the EW of Hβ strengthened from 35 ± 2Å to 300 ± 40Å in approximately the first 400 d. The increase in strength of the Balmer lines is indicative of interactions of the SN ejecta with a dense hydrogen rich CSM. We also note that the He i lines show similar evolution to that of the Balmer lines, but are weaker in strength.
As given in Table 4 and shown in the left column of Fig. 5 , we calculate the Hα luminosity, as well as the Hα/Hβ and Hβ/Hγ luminosity ratios. Luminosities were calculated by subtracting a linear approximation to the continuum under the line, and then integrating the flux for the full width of the line. For t = 28, 34, 512, and 775 d, the luminosity measurements are only approximate due to insufficient wavelength coverage in the spectra for absolute flux calibration using available photometry. We find similar results to Fransson et al. (2014) (compare with their fig. 12 ). The Hα luminosity increases by a factor of ∼ 1.5 from t = 28 to 154 d. After the break in the light curve, which occurred when the SN was close to the Sun, the luminosity drops again, and continues to fall by a factor of ∼ 10 between t ∼ 400 and t ∼ 900 d. From the power law fits shown in the figure and discussed above in Section 3.2, the maximum in the Hα luminosity likely occurs at t ∼ 350 d. This is ∼ 10 d earlier than the date found by Fransson et al. (2014) , but the lack of data between t ∼ 200 and t ∼ 400 d makes it The phase is the number of days since earliest detection on JD = 2,455,479.14. 1-σ uncertainties are given in parentheses. The luminosities at t = 28, 34, 512 and 775 d are only approximate due to insufficient spectral coverage for flux calibration with synthetic photometry. difficult to put strong constraints on this date. As shown in Fig. 5 , the Hα/Hβ ratio increases from ∼ 4.0 to ∼ 16.3 between t = 28 to 909 d. The Hβ/Hγ ratio increases slightly from ∼ 1.8 to ∼ 5.1 between t = 28 and 512 d, and then decreases slightly again to around 3.0 from t ∼ 800 to ∼ 900 d. An obvious change in the appearance of the spectra is the development of blended Ca ii IR triplet emission (λλ8498, 8452, 8662). These lines are absent in the earliest spectra, and begin to develop by t = 81 d. The Ca ii IR triplet is a more prominent feature in the spectra by t = 154 d. These emission features may be blended with a number of other lines including the O i λ8446 feature. We also detect the presence of [Ne iii] λ3865.9 in each of our spectra with sufficient wavelength coverage.
Evolution of the Hα emission profile
The evolution of the Hα emission line is illustrated in Fig. 6 from t = 28 to t = 909 d. A summary of the spectroscopic parameters of the emission features, including Hα, is given in Table 4 . As discussed in Section 3.3, a remarkable feature of the Hα emission is the increase in the EW of this line until t = 450 d, and the continued strength of the line with respect to the continuum throughout the rest of the spectra, indicating strong, successive interactions of the SN ejecta with a dense hydrogen-rich CSM.
To examine the evolution of the Hα profile in detail, we performed multi-component fits to the profiles at each epoch using a Levenberg-Marquardt least-squares minimization algorithm. A linear approximation to the continuum near the line was subtracted from each profile before performing the fits. We find the profiles to be best fit by three separate components: an NW Gaussian, an IW Gaussian, and a broad or IW Lorentzian. The results of our fits are superimposed on the data in Fig. 6 , and the parameters for each component, including the full IW component (sum of the IW Gaussian and IW Lorentzian), are given in Table 5 . Previous work decomposed the Hα profile into a two-component profile consisting of an NW component with full width at half maximum (FWHM) of ∼ < 1000 km s −1 and an IW component with FWHM velocity ∼ 2000 − 3500 km s −1 (e.g., Patat et al. 2011; Smith et al. 2011b Smith et al. , 2012 Zhang et al. 2012; Fransson et al. 2014) . In this data set we find evidence for an NW and IW component, but we are unable to achieve satisfactory fits of the peaks and wings of the profiles simultaneously using only two components. Instead, we find that the IW component is itself usually best fit by two separate components, an IW Gaussian and an IW Lorentzian. The need for the extra component is illustrated further by the The phase is the number of days since earliest detection on JD = 2,455,479.14. The shift is measured as the median of the full IW component.
emerging asymmetry of the IW component at late times (see Fig. 8 and discussion below). The center of the NW Gaussian component for each Hα profile is typically consistent with 0 ± 100 km s −1 relative to the rest frame of the host galaxy. In our highest resolution spectra, the LBT/MODS spectrum from t = 404 d and the APO/DIS spectrum from t = 512 d, we see that the NW component is actually a P Cygni component consisting both of emission and blueshifted absorption with a typical width of ∼ 100 km s −1 measured from peak to minimum. For these profiles, the NW Gaussian is unable to fit the absorption component and is only representative of the emission component of the narrow P Cygni profile. In the lower resolution spectra, the P Cygni profile is unresolved, and is fit by the NW Gaussian with a typical FWHM of ∼ 300 km s −1 . At late times as the SN fades, the NW component may suffer from significant contamination from the underlying star forming region.
In the earliest profile from t = 28 d, the NW component of the line is best fit by both Gaussian components, one with FWHM velocity of ∼ 90 km s −1 and one with FWHM velocity of ∼ 320 km s −1 . This may be due to a partially resolved, narrow P Cygni component, resulting in the observed bump on the blue side of the narrow peak. The IW component of the profile from t = 28 d can be approximated by a single IW Lorentzian with FWHM velocity of ∼ 2200 km s −1 . In the subsequent profiles, the IW component, composed of the IW Gaussian and IW Lorentzian, shows a number of important changes as the profile evolves. In the profiles from t = 55, 81, and 154 d, the high velocity wings of the IW component are dominated by a broader (FWHM ∼ 6000 km s The change in shape of the Hα profile with time is illustrated in the top row of Fig. 7 . In the top left panel, the profiles are scaled to match in the velocity range from −1200 km s −1 to −1000 km s −1 . By t = 55 d the profile shows signs of a relative deficit on the red side of the IW component, and this trend continues until t = 154 d. The profile from t = 404 d is shown in black and no longer exhibits high velocity wings on either the red or blue side. A similar trend is observed for the Hβ and Hγ emission line profiles, shown in the middle left and lower left panels, respectively. The late time evolution of the IW component Hα, shown in the top right panel of Fig. 7 , changes significantly for t ≥ 404 d. The profiles, now scaled to match near their peaks, continue to narrow with time, but exhibit a progressive suppression of flux toward the blue side of the peak. This results in profiles which appear asymmetric about the peak by t = 775 d.
In Fig. 8 , we analyze the symmetric properties of the Hα profiles in detail. The continuum subtracted profiles are shown in black as in Fig. 6 , but the NW Gaussian component has now been subtracted for clarity. The reflection Figure 6 . The continuum subtracted Hα profiles are shown in black, where 0 km s −1 corresponds to the host galaxy rest frame wavelength of Hα. The components of each fit (a NW Gaussian, an IW Gaussian, and an IW Lorentzian) are shown in green, yellow, and blue, respectively. The best fit to the data is shown as the red curve. Each profile is shifted up by 6 × 10 −14 erg s −1 cm −2Å−1 from the one below, and the last four profiles have also been multiplied by the factor shown in the lower right corner along with phase for clarity. For the days indicated with asterisks, the fluxes are only approximate, corresponding to the open points in Fig. 4. of the profile about the peak of the IW component is then shown in orange for comparison so that for a symmetric profile the orange and black curves will line up with each other. The profiles display some asymmetry from t = 28 to 154 d, where the the flux to the red side of the peak appears suppressed, but it is possible this is due to uncertainties in estimating and subtracting the continuum. This asymmetry continues in the day 404, 450, and 468 profiles, but appears less pronounced. The profile from t = 775 d, in contrast, shows a clear suppression of flux on the blue side of the peak. This asymmetry persists in the three remaining profiles, but again becomes noticeably less pronounced with time.
A number of scenarios have been proposed to explain the evolution of the Hα profile, and we examine these possible interpretations below in Section 4.2.
DISCUSSION AND PHYSICAL INTERPRETATION
Here we discuss the physical implications of the observed properties of SN 2010jl presented above, and provide additional commentary on physical interpretations previously presented in the literature. 
The NW CSM lines
We observe the presence of narrow spectral emission features in the Balmer series as well as in the optical He i λλ5876 and 7065 lines. We interpret this as emission from slowmoving gas in the CSM, photoionized by light from the SN. In the higher resolution spectra from t = 404 and 512 d, the narrow component of the Balmer lines exhibit blueshifted P Cygni absorption by the expanding foreground CSM gas. The width of the P Cygni component, measured from peak to minimum, is typically ∼ 100 km s −1 , which we take as an estimate of the CSM expansion velocity. This is consistent with the estimate of the CSM velocity by Fransson et al. (2014) , and with the suggestion of an LBV star as a possible progenitor (Smith et al. 2011b ).
The IW lines
As discussed above in Sections 3.3 and 3.3.1, the broad emission lines of H and He show a remarkable growth in strength until t ∼ 450 d and clearly indicate strong, successive interactions between the SN ejecta and dense, hydrogenrich CSM. Similar observations of SN 2010jl have been discussed at length in the literature (e.g., Smith et al. 2012; Zhang et al. 2012; Fransson et al. 2014; Gall et al. 2014) .
The IW component of the Balmer lines, especially Hα, have been of particular interest because they show some evidence for newly formed dust in the post-shock shell of the SN, but not all lines of evidence are consistent with this interpretation. In our earliest spectrum from t = 28 d, the IW component of Hα is well approximated by a single Lorentzian with a FWHM velocity of ∼ 2200 km s −1 (Fig. 6) , which is characteristic of the scattering of Hα photons by thermal electrons in an optically thick CSM. This result is consistent with the early time findings of Smith et al. (2012) . Soon after, however, the IW Balmer profiles begin to show significant attenuation of the redshifted flux and a progressive blueshift of the line center with time until at least t = 154 d. Based on similar findings, Smith et al. (2012) proposed that dust formation in the cool, post-shock shell of the SN may be obscuring red-shifted photons from interactions on the far side of the SN. Gall et al. (2014) observed similar attenuation of redshifted photons and progressive blueshifts of the line centers in a number of IW lines for approximately the first 240 d. They also show that this blueshift is stronger at shorter wavelengths, which would be expected if dust formation were responsible. Maeda et al. (2013) advocate for post-shock dust formation as the mechanism responsible for the profile shapes with similar findings at t ∼ 500 d. This interpretation is dependent on the assumption, though, that early time profiles accurately represent the intrinsic, unattenuated line profiles throughout their evolution, which my not be the case.
As is apparent in Fig. 7 , the profile shape and evolutionary trend of the Balmer emission features has changed significantly by t = 404 d. The underlying broad component (FWHM velocity ∼ 6000 km s −1 ) present in earlier spectra has vanished, and the profiles continue to narrow with time throughout the remaining spectra. Rather than progressive attenuation of the red side of the profiles, we now see an increasing suppression of the flux to the blue of the IW component peak, resulting in profiles which appear very asymmetric about the peak velocity by t = 775 d (Fig. 8) . The profiles remain blueshifted (i.e., the majority of the line flux still falls to the blue of the host galaxy velocity) even though the degree of the blueshift appears to be decreasing for t ∼ < 400 d. These results are apparently inconsistent with the scenario of continued dust formation at late times, since one would expect a progressive blueshift as light from the receding side of the SN is increasingly blocked by newly formed dust. Fransson et al. (2014) claim that even as the Hα profiles become more blueshifted, they retain a symmetric shape characteristic of electron scattering. They invoke electron scattering as the origin of the profile shape, with a macroscopic bulk velocity toward the observer in the scattering medium to explain the blueshift of the IW component, and reject dust formation scenarios altogether. Although the line profiles appear at least approximately symmetric about the peak velocity for the first t ∼ 500 d, the clear asymmetry present in the profiles after t = 775 d (see Fig. 8 ) cannot be accounted for by electron scattering alone. The appearance of asymmetric and shifted line profiles could be due to asymmetries in the explosion or CSM geometries. Spectropolarimetry results from Patat et al. (2011) also indicated an asymmetric geometry is likely, but we do not explore this possibility further in this paper.
The formation of emission line profiles is dependent on numerous factors, including multiple velocity components and emission/absorption mechanisms. Additionally, when examining scenarios involving obscuration by newly formed, or pre-existing dust, it is impossible to know the true line profile for each epoch, and assumptions about intrinsic profile shape must be made. For these reasons, although the line profile evolution appears inconsistent with the post-shock dust formation scenario at late times, we find it difficult to rule out any scenario based solely on the shapes and evolution of emission line profiles. Further evidence from the light curves of SN 2010jl regarding the presence of newly formed or pre-existing dust are discussed below in Section 4.3.
The optical and NIR light curves
As is evident from Fig. 4 , the optical light curve of SN 2010jl displays a clear two-stage evolution. After the peak in the optical luminosity at t ∼ 20 d, the light curve shows a steady decline which is well fit by an Lopt(t) = 1.02 × 10 43 (t/100 d) −0.43 erg s −1 power law decay for at least t ∼ < 200 d. At t ∼ 400 d, the light curve shows a clear break and is now well fit by a much steeper power law decay given by Lopt(t) = 6.01 × 10 42 (t/370 d) −3.84 erg s −1 . Based on the intersection of the power law fits, the break in the light curve occurs at t ∼ 370 d. At essentially the same time, the near-IR luminosity rises rapidly so that the evolution of the bolometric luminosity changes little. A problem in the models of SN 2010jl to date is that they do not provide a natural explanation of this transition. Ofek et al. (2014) lacked information on the near-IR evolution and based their model of the bolometric light curve as a simple correction to the PTF R-band light curve. Thus, the break in the optical light curve was interpreted as a rapid drop in the luminosity being produced by the CSM interactions. They considered three possibilities. First, the shock speed, and hence the luminosity, will drop rapidly once the swept up CSM mass begins to exceed the ejected mass (the so-called 'snow plow' phase). Second, the shock could simply have reached the edge of the dense regions of the CSM. Finally, the CSM density eventually drops to the point where cooling becomes inefficient (the slow cooling stage) and a decreasing fraction of the shock energy is converted to optical photons. They rule out the last solution based on their estimate of the CSM densities, and prefer the first possibility to the second. However, with the addition of the information on the near-IR emission, there is no dramatic drop in the bolometric luminosity to be explained, or one must introduce some independent process to explain the sudden rise in the near-IR emission seen by Andrews et al. (2011) , Maeda et al. (2013) , Gall et al. (2014) and Fransson et al. (2014) . Fransson et al. (2014) interpret the two evolutionary phenomena as being unrelated. The optical luminosity drops because the shock is reaching the edge of the regions with a dense CSM or, as proposed by Ofek et al. (2014) , the shock slows as the swept up CSM mass becomes comparable to the ejecta mass, while the near-IR emission is caused by an echo from pre-existing dust radiatively heated by light from the SN peak. The first problem with this interpretation is that it requires remarkable coincidences in timing and energetics because the near-IR emission has to rise just as the optical emissions drops while maintaining a smooth evolution of the bolometric luminosity. The second problem, as discussed by Fransson et al. (2014) , is that the timing requires the inner edge of the dust shell to be at Rin ∼ 6 × 10 17 cm, which makes it very difficult to have dust grains hot enough to produce the near-IR emission. The observed temperatures are T d ≃ 1500-2000 K while we estimate that a = 0.1µm grains would have temperatures of only T d = 950/800 K for graphite/silicate Laor & Draine (1993) grains. Fransson et al. (2014) argue that this can be solved by making the grains very small, but even for a grain size of a = 10 −3 µm, we estimate dust temperatures of only T d = 1100/680 K for graphitic and silicate grains. Furthermore, for grains created in a wind, or any ejecta, there is a strong correlation between the grain size and the allowed optical depth because both are directly dependent on the density -in essence τ ∝ a ∝Ṁ . In the models of Kochanek (2014) , a wind producing such small grains would then have a negligible optical depth at these large radii and so could not support the significant optical depth needed to produce the observed near-IR flux as an echo. Even if we are generous, the original dust-forming wind would have had at most τV ≃ 1 and the optical depth of this large radius shell would be smaller by R f orm /Rin ≃ 0.01 to leave an optical depth of τV ≃ 0.01 or smaller that simply could not support such a luminous echo.
The only natural way to explain a sharp break in the optical light curve combined with a simultaneous rise of the near-IR emission to an almost identical luminosity is dust forming and becoming optically thick. It not only explains the simultaneity and the similar luminosities, but also the high dust temperatures because the temperature of newly forming dust is always close to the evaporation temperature of 1500-2000 K. Following Kochanek (2014) we can consider dust formation simply in terms of the 'blackbody' dust temperature σT 4 bb = L/16πr 2 set by the radiative flux. We will scale the results assuming dust forms at T bb = 1000T bb3 K and discuss T bb and the actual dust temperatures in more detail below. We will model the bolometric luminosity evolution as L = 10 43 L43t
−1/2 300 erg s −1 where t = 300t300 d is scaled to the approximate time of the break in the optical luminosity evolution.
As noted in other studies (e.g., Andrews et al. 2011; Gall et al. 2014; Fransson et al. 2014) , dust cannot form in the material ejected during the transient because the dust temperature would be too high to form inside a radius
that is much larger than the ejecta radius
until long after 300 days if it is expanding at ve = 2000ve2 km s −1 . The evolution of these two radii are shown in Fig. 9 , and the ejecta would not reach a large enough radius to allow dust formation until t ≃ 2000 d.
As discussed in Kochanek (2011) , the re-obscuration of the transients SN 2008S and NGC 300 OT-2008 can be explained by dust re-condensing in their pre-existing dense winds. The CSM densities invoked to explain SN 2010jl are far denser than (even) the extreme AGB star winds invoked for these transients, although this is balanced by the far higher luminosities. Still, the optical and near-IR evolution of SN 2010jl strongly suggests that a similar process has occurred in SN 2010jl but under more extreme conditions. Inverting Equation 1, the time at which dust can begin to form at a given radius is where R = 10 17 R17 cm. This is a very rapidly falling function of radius because the luminosity is dropping so slowly. In a wind with local density ρw where we can ignore the outward expansion on the growth time scale t grow , a grain can collisionally grow to radius a = f vcρwt grow /4ρ bulk where f = 0.01f2 is the condensible mass fraction, vc = 1vc1 km s −1 is the collision velocity and ρ b ≃ 2.2 g cm −3 is the bulk density of the grains. If we define ρw =Ṁ /4πvwR 2 by a pre-existing wind characterized by a mass loss ratė M =Ṁ1M⊙ yr −1 and wind velocity vw = 100vw2 km s −1 , a grain grows to radius a = 0.015 f2vc1Ṁ1t
Very small grains have negligible visual opacities, so we can assume there is no significant absorption until a > amin = 0.001am3 µm. This then gives the required growth time at any given radius,
which is a rapidly rising function of radius. On small scales Figure 9 . Scales related to dust formation. The steep, descending dashed line shows the time dependence of the radius at which the radiation will permit dust formation assuming T bb3 = 1 and setting L 43 = 0.64 to match our estimate at t 300 = 1 from Section 3.2. The ejecta radius (rising dotted line) does not enter the region where dust formation is possible until long after the observed time of the optical break at 370 d (horizontal solid line). For the mass loss rate ofṀ 1 = 0.27v w2 invoked by Ofek et al. (2014) , dust grains cannot have grown large enough to have a significant visual opacity below the second dashed line. At any given radius, dust will have a significant visual opacity only at times later than the sum of these two limits, which is given by the heavy solid curve. The resulting minimum time for dust formation is very close to the observed time scale of the break in the optical light curve and the dramatic rise in the near-IR emission.
the radiation field keeps dust from forming and on large scales it simply grows too slowly. Fig. 9 shows these two time scales, t rad 300 and t grow 300 , after setting L43 = 0.64 to match our estimate from Section 3.2 andṀ1 = 0.27vw2 to match the wind density from Ofek et al. (2014) .
Thus, there is a significant dust opacity at any given radius only once t > t f orm (R) = t rad (R) + t grow (R), and Fig. 9 also shows the sum of these two time scales. Because of the different radial scalings of t rad and t grow , there is a minimum time for dust formation. Moreover, without any particular manipulation of the parameters, this minimum time almost exactly matches the observed time of the optical break. If we minimize t f orm , we find that the radius at which dust first reaches size amin is 
If we identify this time scale with the break in the light curve, t b = t min , then the required mass loss rate of Figure 10 . As in Fig. 9 but with the total luminosity breaking from L ∝ t −1/2 to ∝ t −7/2 . Shortly after the luminosity break, dust formation will occur over a broad range of radii.
is quite close to the values ofṀ ≃ 0.27vw2 and ≃ 0.11vw2 M⊙ yr −1 invoked by Ofek et al. (2014) and Fransson et al. (2014) to explain the observed luminosity. Once there are grains of significant size a > amin, the optical depth becomes significant very quickly and there will always be hot, newly forming dust to support the near-IR emission.
We should note that if a dense CSM exists on these radial scales, the Ofek et al. (2014) and Fransson et al. (2014) scenarios for the origin of the break make dust formation near the time of the break even more inevitable. If either the total luminosity or the radiation temperature (or both) abruptly decrease, the radius outside of which dust formation is permitted drops precipitously compared to the scenario shown in Fig. 9 . At these smaller radii the CSM densities are higher and the grain growth times are so short that dust formation occurs almost instantaneously once permitted by the radiation field. For example, Fig. 10 shows the effect of holding T bb fixed but adding a break in the luminosity from roughly L ∝ t −1/2 to L ∝ t −7/2 we found in Section 3.2. Shortly after the luminosity break, dust formation occurs over a broad range of radii by the time t ≃ 1000 d.
While our solution naturally explains the observations, its parameters are somewhat strained. First, given the high radiation temperature (8000-9000 K) a dust formation temperature of T bb ≃ 500 K seems more likely than the T bb = 1000 K we have used in the scaling solutions (see Kochanek 2014) . But lowering T bb by a factor of two would require raisingṀ by a factor of 16 to keep the t min fixed. Note that the dust emission would still be very hot even at T bb ≃ 500 K because the smallest forming grains would be stochastically heated to temperatures close to their evaporation tempera-tures and would radiate most of their energy in these temperature spikes (see Kochanek 2014) . Second, once dust forms, the optical depth becomes very high, with τV ≃ 600
κV 2Ṁ 
where we have scaled the visual opacity to κV = 100κV 2 cm 2 g −1 and this would be the optical depth for a wind extending from R min outwards. If it forms in a finite annulus, the optical depth is reduced by 1 − Rin/Rout which will quickly become a modest correction (see Fig. 9 ). Empirically, the observed optical depths are far smaller.
A plausible solution is that the CSM has significant density inhomogeneities. For example, if we drop the required T bb to 500 K and keepṀ fixed while putting fraction F = 0.01 of the CSM in clumps with an over-density of ξ = 16, then dust will only form in the dense clumps and the mean optical depth would drop by the factor F . The effective drop would be still larger because of photons escaping by scattering though the low density regions. Combined with the possibilities allowed by the global asymmetries invoked by other studies of this system, this provides a means of making the properties of our solution less extreme.
SUMMARY AND CONCLUSIONS
The luminous and long-lived Type IIn SN 2010jl shows strong evidence for the interaction of the SN ejecta with a dense, hydrogen-rich CSM shell. We obtained 12 optical spectra between t = 55 and 909 d, which adds significant coverage to the spectroscopic time sequence for this event.
We also obtained an epoch of late time BV RI photometry, and derived a semi-bolometric, optical light curve through t = 775 d.
Analysis of the spectra revealed NW (FWHM ∼ 100 km s −1 ) emission features of H and He associated with the slowing expanding CSM shell, ionized by the initial flash of the SN. The IW (FWHM ∼ 1000 − 2000 km s −1 ) component of the Balmer lines also showed complex evolution, particularly a progressive blueshift for at least the first ∼ 150 d, and a pronounced asymmetry after ∼ 750 d. These observations are not fully consistent with any emission and broadening mechanisms yet proposed, including post-shock dust formation and electron scattering in an optically thick medium.
The optical light curve exhibits a steep drop off for t ∼ > 300 d that has been interpreted as a transition of the SN to the snow-plow phase, or as the emergence of the shock from the CSM. However, in light of the timing coincidence of the break in the optical and rise in the NIR light curves, the most natural interpretation is that the optical light from continued CSM interactions begins to be reprocessed into the NIR after the break. Using a simple collisional model for dust growth, we find that dust naturally reforms in the dense, pre-existing CSM wind on the observed timescale of the breaks in the optical and near-IR light curves without any fine tuning of the parameters. The model would be improved if the CSM is significantly clumpy, consistent with suggestions that it has more complex structure (e.g., Chandra et al. 2012a; Maeda et al. 2013; Ofek et al. 2014; Fransson et al. 2014 ). We also emphasize that this interpretation indicates continued strong interactions of the SN ejecta and the CSM for ∼ > 2.5 yr. It is also interesting that a number of observational changes in the evolution of SN 2010jl are approximately coincident with the optical break and rise in the NIR light, including the decline in the Hα luminosity, the loss of a broad, high-velocity component in the Balmer emission profiles and subsequent narrowing of the lines, and the recession in the blueshift of Hα. Despite the wealth of studies in the literature dedicated to this fascinating object, the details of the true nature of SN 2010jl's evolution remains controversial, emphasizing the importance of multiwavelength and continuous monitoring of such events. This work is based on observations obtained at the MDM Observatory, operated by Dartmouth College, Columbia University, Ohio State University, Ohio University, and the University of Michigan. OSMOS has been generously funded by the National Science Foundation (AST-0705170) and the Center for Cosmology and AstroParticle Physics at The Ohio State University. Based on observations obtained with the Apache Point Observatory 3.5-meter telescope, which is owned and operated by the Astrophysical Research Consortium. The LBT is an international collaboration among institutions in the United States, Italy and Germany. LBT Corporation partners are: The Ohio State University, and The Research Corporation, on behalf of The University of Notre Dame, University of Minnesota and University of Virginia; The University of Arizona on behalf of the Arizona university system; Istituto Nazionale di Astrofisica, Italy; LBT Beteiligungsgesellschaft, Germany, representing the Max-Planck Society, the Astrophysical Institute Potsdam, and Heidelberg University. This paper used data obtained with the MODS spectrographs built with funding from NSF grant AST-9987045 and the NSF Telescope System Instrumentation Program (TSIP), with additional funds from the Ohio Board of Regents and the Ohio State University Office of Research.
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